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FOREWORD
This final report presents the results of an Experimental study to: (1)
determine the cause and possible aerodynamic alterations required to elimi-
nate the Orbiter rolling moment couple; (2) determine alterations to alleviate
the forward Orbiter/ET attach point loads; and (3) provide data to verify pre-
vious data taken at AFDC. The study was conducted by personnel of the
Lockheed-Huntsville Research & Engineering Center for Marshall Space
Flight Center under Contract NAS8-32530. The wind tunnel tests were con-
ducted in the MSFC 14 x 14-Inch TrLsonic Wind Tunnel from March to August
1979. The MSFC technical monitor for this study is Mr. Paul Ramsey, ED32.
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SUMMARY
Wind tunnel tests were conducted in the MSFC 14-Inch Wind Tunnel
with the 0.004-scale model of the Space Shuttle Launch Vehicle. The pur-
poses of the tests were: (1) determine the cause and possible aerodynamic
alterations required to eliminate the Orbiter rolling moment couple; (2) deter-
_	 mine configuration alterations to alleviate the forward Orbiter/ET attach point
4	 loads; and (3) provide data to verify previous data taken at AFDC. The testsF.
were conducted between March and August 1979.
The basic 0.004-scale model (74 -OTS) used in previous tests was used
in this study. A new External Tank was fabricated with no protuberances.
Data were obtained with newly fabricated Orbiter wing and elevons. Data
were also obtained with a six-component balance in the Orbiter that was sting
supported while the ET and SRBs were attached and the ET/SRB assembly
supported by a sting in each SRB.
The results of the test show:
1. ET protuberances induce a positive Orbiter rolling moment under
certain conditions.
Z. The effect of Orbiter body flap deflections on Launch Vehicle longi-
tudinal coefficients was near zero.
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NOMENCLATURE
Description
Orbiter body flap planform area, in 
Orbiter total base area, in 
Orbiter wing span, in.
Orbiter wing mean aerodynamic chord, in.
Orbiter total axial force coefficient
Orbiter rolling moment coefficient
Orbiter wing root bending moment coefficient
Orbiter elevon mean aerodynamic chord
Orbiter total pitching moment coefficient referenced
to MRP
Orbiter total normal force coefficient
Orbiter wing normal force coefficient
Orbiter wing torsion moment coefficient
Orbiter side force coefficient
Orbiter yawing moment coefficient referenced
to MRP
External Tank
effective Orbiter base cant angle, deg
reference length, in.
Mach number
moment reference point
tunnel freestream total pressure, psia
tunnel freestream static pressure, psia
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m
t- Symbol	 Description
q	 tunnel freestream dynamic pressure, psis,
Se	elevon reference area, in2
SREF	 reference area, in 
SRB	 Solid Rocket Booster
SSLV	 Space Shuttle Launch Vehicle
T tunnel freestream total temperature, F
XBF. X distanct from MRP to centroid of body flap, in.
ORB
x
 
X distance from MRP to centroid of Orbiter base, in.
ORB
XO , YO , Z  Orbiter coordinate system, in.
XT , YT , Z  ET coordinate system, in.
X T X moment transfer from Orbiter balance to MRP, in.
O
Z Z distance from MRP to centroid of Orbiter base, in.
bORB
Z Z moment transfer from Orbiter balance to MRP, in.O
a model angle of attack, deg
a' preset model attitude, measured with sector at zero,
deg
model angle of sideslip, deg
Q increment of coefficient
6BF. Orbiter body flap deflection angle, deg
6EI inboard elevon deflection angle, deg
6 E outboard elevon deflection angle, deg
aerodynamic roll angle (including all offsets and
deflections), deg
vii
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1. INTRODUCTION
This report presents the analysis of the data obtained in tests of an
0.004-scale model of the Space Shuttle Launch Vehicle in the MSFC 14-Inch
Trisonic Wind Tunnel. The tests and analysis had three primary objectives:
1. Determine the cause and possible aerodynamic configuration altera-
tions required to eliminate the Orbiter rolling momen,, couple.
t. Determine configuration alterations to alleviate the forward Orbiter
ET attach point loads.
3. Provide data to verify previous d..ta taken at AFDC.
1.1 BACKGROUND
Previous tests indicate that there is a continuous Orbiter rolling moment
which produces high loads in the Orbiter/ET attach structure. There was a need
to reduce these loads. One way would be to use differential elevon control. A
more direct approach would be to alter the flow field which causes this rolling
moment.
The Space Shuttle Launch Vehicle is basically a symmetrical vehicle.
It does, however, have nonsymmetrical protuberances on the External Tank.
It was suspected that these protuberances were the cause of the Orbiter rolling
moment. If the cause could be identified, an aerodynamic alteration could be
developed to reduce the attach structure loads.
Another concern related to the attach structure was the high Orbiter/ET
forward attach point loads. The method analyzed here for reducing these
loads was the deflection of the Orbiter body flap. It was hoped that a negative
Orbiter pitching moment increment could be produced, resulting in lower for-
ward attach point loads.
LOCKHEED • HUNTSVILLE RESEARCH a ENGINEERING CENTER
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Previous tests have produced different wing load results. Wing data
were obtained in different facilities with two different size models, one model
with the left wing instrumented and the other with instrumentation in the right
wing. An analysis was needed to see if these differences in wing loads were
due to the non-symmetry of the ET protuberances, or to differences in models
and test conditions. A metric wing (left and right) with instrumentation on the
right side was fabricated for the 0.004-scale Space Shuttle model. It, in con-
junction with a six-component Orbiter balance, was used to provide data for
verification of previous data taken at AEDC.
1.2 OVERVIEW
The test program developed to meet the three primary objectives was
scheduled as a series of three tests. The first test was an Orbiter roll test
and was conducted as MSFC TWT-655 (NASA Series No. FA 27). Because
of facility schedule slips and resulting reduction in available test time the
second test, MSFC TWT-656 (NASA Series No. FA 28) was the last one com-
pleted. The third objective, of providing data to verify previous data, was
partially reached with data taken during TWT-656.
During the analysis of TWT-655 data, it was concluded that the four-
component balance that was used was not adequately accurate in side force
to be able to transfer the Orbiter rolling moment with the accuracy desired.
These data are not presented, however, the balance problems are discussed
in more detail in Section 3.1.
Test TWT-656 was conducted with an SSLV model in the Marshall Space
Flight Center's 14 x 14-Inch Trisonic Wind Tunnel. The 0.004-scale model
(74-OTS) was instrumented with a six-component balance measuring Orbiter
loads, a three-component balance measuring Orbiter wing loads, and gages
to measure both inboard and outboard elevon hinge moments. The test (NASA
Series No. FA 28), occupied the facility between 10 July and 9 August 1979.
The total angle of attack and yaw ranges that were covered were from +8 to
-8 dog. All runs were made at either a = 0 or a = 0. The Mich range was
2
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Z. TEST DESCRIPTION
This section describes test TW T-656 that was conducted to obtain the
data for this analysis. A more detailed discussion of the test set-up is avail-
able in the pretest report (Ref. 1). The data obtained were published in a
DATA MAN report (Ref. 2),
2.1 TUNNEL FACILITY
The test was conducted in the MSFC 14 x 14-Inch Trisonic Wind Tunnel
located at Marshall Space Flight Center, Alabama. A detailed description of
this facility is available in the MSFC technical handbook (Ref. 3). The tunnel
is a pressure storage blowdown type to atmosphere or vacuum. The test
section size is 14 x 14 x 20 in. A transonic test section is provided for a
Mach number range of 0.3 to 2.5 and a supersonic test section for Mach num-
bers from 2.75 to 5.0. The transonic section has a variable pressure differ-
ential across the porous walls which allows for wave cancellation in the
transonic flow regi -me.  The data are converted to coefficient form and cards
are punched at the completion of each run.
Z. Z MODEL DESCRIPTION
The existing 0.004-scale model of the Space Shuttle launch configura-
tion was used in this study. A sketch of the model with pertinent dimensions
is presented in Fig. 1. A photograph of thn model (with non-metric wing) is
shown in Fig. 2. A complete description of the model can be found in Ref. 4.
The 0.004-scale Orbiter model is slightly more than five inches long.
In preparation for this and other tests, since the original design, several
modifications have been made to the :_,odel and are listed on pz ge 6.
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• The ET nose was updated with the current ADS configuration,
is The Orbiter/ET attach structure was modeled in more detail.
• The SRB aft attach rings were modified to resemble the most
recent configuration and was shifted aft b in. full scale (or 0.024
in. model scale).
is SRB separation motors were simulated on the aft skirt.
• A tunnel was simulated on the SRBs extending from the shoulder
to the flare exit plane.
• Additional body flap and elevons were fabricated to simulate addi-
tional deflection angles.
• A metric wing was fabricated to OML 14414.1 Revs. C/D (Orbiter 102)
• A second ET (both nose and afterbody) was fabricated with no pro-
tuberances.
The nomenclature for the model and various attachments is as follows;
O Z 10Z Orbiter
W Z Wing
E Z Elevons
A T Attach structure on ET
PN ET nose with protuberances
PA ET afterbody with protuberances
W  ET nose with no protuberances
WA ET afterbody with no protuberances
S 3 Balance in sting supported Orbiter.
T 3 ET attached to sting supported SRBs.
The model was supported in the test section by three straight stings.
One sting supported the Orbiter through its base on a six-component balance.
The ET and SRBs (when present) were supported by the other two stings,
through the SRB bases, with a dummy balance in each SRB. The three
straight stings were all held in an adapter which, in turn, was mounted in
the chuck of the tunnel sector. The Orbiter/ET attach structure (including
feed lines) was mounted on the ET Model.
7
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-f	 2.3 CONFIGURATIONS INVESTIGATED
Six configurations were used during this test. Three configurations had
the Orbiter alone. Three configurations had the full Space Shuttle Launch Ve-
hicle (SSLV). All six configurations and their variations from nominal SSLV
configuration were:
0 2 W 2 E 2
No ET, SRBs or Orbiter/ET attach structure.
0 2W 2E 2 Wing Gap Waxed
The gap in the metric right wing filled with wax.
02W 2E 2 Wing Wax Cut
Wax separated from the Orbiter fuselage using
a fine wire. The resulting gap was sealed by
covering it with a thin layer of the wax.
02W2E2WNWAATT3S3
No protuberances on the ET except nose probe, attach
structure and the portion of the Orbiter/ET propellant
feed lines, that extends between the Orbiter and ET
behind the aft attach structure.
02W2E2PNPAATT3S3
Nominal SSLV configuration.
0 2W 2E 2PNPAA T T 3S 3 with grit on wings
Grit placed on leading 1076 of both upper and lower
surfaces of each wing.
2.4 TEST PROGRAM
Table 1 lists the details of the test program. These are:
Configuration
Roll angle, 0
Mach number, M
8
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For each combination of configuration and roll angle, the model was
tested over a total angle of attack range of -8 to +8 deg, at Mach numbers of
0.60. 0.90, 1.05, 1.10 and 1.25, with 6 E : 10 deg, and 6 E = 5 deg. Body flap
angle ranged from 0 to 16 deg. Table 2 lists the tunnel conditions for each
of the five Mach numbers.
2.5 INSTRUMENTATION AND DATA REDUCTION
The parameters that were measured during the test were:
• Wind tunnel conditions (P00, Pt . Tt)
• Inclination of model support mechanism (sector angle)
• Preset model attitude, a'
• Six-component force and moment data for the Orbiter
• Three-component force and moment data for the right
Orbiter wing
• Hinge moment for the left two Orbiter elevons.
The wind tunnel conditions and the angle of the model support mechanism
were measured with the normal facility instrumentation. The preset model
attitude, a', was measured with an inclinometer. The six-component Orbiter
force and moment data were measured using MSFC balance number 239. The
balance capacities are presented in Table 3. The three-component wing force
and moment data were measured with a strain gage balance. The balance was
designed specifically for this application and consisted of a rectangular gaged
beam, bolted on one end to the right (metric) wing and on the other end to the
center section of the Orbiter wing assembly. Elevon hinge moments were
measured using strain gages. The gages were mounted directly to flexures
machined at the hinge line of the removable elevons. The flexure cut outs
were partially filled with wax which was used to hold gage wires in place.
Wing and elevon external contours were simulated using a thin Mylar film
bonded across the flexure gap. Numerous problems with this film and the
wax underneath it provides some doubt as to the consistency of the elevon
gage readings.
10
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	 The wind tunnel conditions were used to calculate the Mach number, the
dynamic pressure, and the Reynolds number. The angle of the model support
mechanism and the preset model attitude were used to calculate the model
angle of attack and angle of side slip, with corrections made for sting and
balance deflections. The force and moment data were converted to non-
dimensional coefficients for the Orbiter, the Orbiter wing, and the two Orbiter
elevons.
11
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Table 2
T C S T : FA 28 (TWT -656)	 DATE : 8/9/79
TEST	 CONDITIONS
MACH
NUMHFk
REYNOLDS
NUMBER(par unit	 length)
DYNAMIC
PRESSURE
(pounds/ sq. inch)
STAGNATION
TEMPERATURE
(degrees Fahrenheit)
STAGNATION
PRESSURE( pounds/sq.inch)
0.60 4.95 x 106 4.35 100 22
0.90 6.25 7.37
Ads 6.38 7.77
8.45
0 6.67 8.73
1.15 6.71 8.96
1.25 6.69 9.29
6 5.93 100 30
QQ 18.52 10.06
1.05 8.97 11.53
1.10 9.09 11.90
1.25 9.12 12.67
LMSC-IIREC TR D697767
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Table 3
BALANCE CAPACITY
MSFC 239 — Orbiter
Coefficient
Capacity Accuracy Tolerance
NF	 200 lb + 1.0 lb +0.016
SF	 100 lb + 0.5 lb +0.008
AF	 50 lb + 0.25 lb +0.004
PM	 200 in -lb + 0.99 in -lb +0.0031
RM	 50 in-lb +0.25 in-!b +0.0018
YM	 100 in - lb +0.49 in -lb +0.0016
Comments: Accuracy based on +0.5 0/6 of balance capacity.
Tolerance based on q = 10 psi.
13
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2.6 REFERENCE DIMENSIONS AND CONSTANTS
SSXmb_ol Full Scale Model Scale
• BF, 142.6 ftt 0.329 in 
A b 436.7 ftt 1.006 in 
ORB
b 78.056 ft 3.747 in.
Ce 90.7 in. 0.3628 in.
C 474.8 in. 1.8992 in.
i b 14.75 deg 14.75 deg
L'REF 1290.3 in. 5.1612 in.
MR P (6-comp) XT 976 in. 3.904 in.
Y T	0 in. 0 in.
Z T 400 in. 1.600 in.
Se 210.0 ft 0.4838 in 
SREF 2690.0 ft 6.198 in 
Xb -1263.0 in. -5.052 in.
ORB
• BF -1329.7 in. -5.319 in.ORB
XT. -909.50 in. -6.026 in.
O
Z b -326.5 in. -1.306 in.
ORB
Z T. -341.5 in. -1.366 in.
O
MRP for Wing x	 = 1307 in. 5.228 in.
Owing
YO	= 105 in. 0.420 in.
wing
x 
	
= 1387 in. 5.548 in.
ele 3on
i	 -
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3. RESULTS AND DISCUSSIONS
The tabulated data, as well as plots of Orbiter total forces and moments
and Orbiter wing and elevon data, are presented in the DATA MAN report
(Ref. Z). Comparison plots of total forces and moments and wing and elevon
data are presented In Appendix A of this report. Appendix B presents com-
partson plots of Orbiter forebody data. The following sections discuss the
results of the rolling moment test (TWT-655), the effects of the Orbiter body
flap, the effects on the Orbiter of the ET protuberances, and other effects
investigated during TWT-656. It should be recognized that many of the Incre-
ments seen In these data are less than the coefficient tolerances of the balance.
3.1 ROLL TEST
The objective of test TWT-655 was to determine the cause and possible
aerodynamic alterations required to eliminate the Orbiter rolling moment
couple. The four component balance that was used for this test was specifically
designed for high sensitivity of rolling moment measurements. The other three
components were of much less concern when it was originally designed.
Side force is a major component in the calculation of Orbiter rolling
moment as normally published. Rolling moment must be transferred from
the balance center to the SSLV moment reference point which is located on
the center line of the External Tank. The inaccuracy of the balance side force
caused the Orbiter rolling moment values to be less accurate than needed for
publication of the data.
Incremental side force and rolling moment values were also judged un-
acceptable due to the non-symmetrical nature of the balance rolling moment
data, while testing the Orbiter alone. The shifts were too large to be explained
15
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by flow angularity. A series of model buildup runs was made. The Orbiter
without wings or vertical tail still produced slightly non-symmetrical data,
although the greatest shift was traced to the Inboard elevons. It was decided
that the balance must be changed.
3.2 EFFECT OF BODY FLAP
The effect of the body flap was analyzed by comparing data taken with
the body flap at different deflections. The intent was to see if some reduction
in forward Orbiter/ET attach point loads could be obtained by a change in the
fixed body flap setting or a variation during the launch sequence. A reduction
in Orbiter pitching moment was considered an indication of a reduction In attach
point loads. Data at three different body flap settings (0, 8 and 16 deg) were
available. Both an a sweep and a A sweep were made at each of these flap
settings at each of several Mach numbers.
There proved to be very little beneficial effect due to body flap deflection.
Orbiter pitching moment increment was near zero with a maximum of -.015
occurring at M= 1.10. At conditions where there was a variation of pitching
moment with flap deflection, the variation was often not continuous (such as
C m
 greater at ABF = 8 deg than at either 6 B = 0 or 16 deg). Figures 3 and
4 present examples of pitching moment variations. With the exception of the
elevon hinge moments, all coefficient increments were small, Inconsistent and
often not continuous with variation of flap deflection. Elevon hinge moments
showed definite differences at the different body flap deflections, however,
they were not continuous in most cases and-were not consistent between a and
A sweeps. This inconsistency could have been caused by the elevon gap seal-
ing problem discussed in Section 2.5.
Comparison plots of total coefficients are available in Appendix A with
Orbiter static stability coefficients starting on page 163 and wing and elevon
data starting on page 514. Comparison plots of Orbiter forebody data are
presented in Appendix B, starting on page 73.
16
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3.3 EFFECT OF ET PROTUBERANCES
The effect of ET protuberances was obtained by compariig data taken
with a model having scaled protuberances on the ET model with data taken
using an ET model having no protuberances except a flight data system nose
probe, Orbiter/ET attach structure and the portion of the Orbiter/ET pro-
pellant feed lines that extend between the Orbiter and ET behind the aft att;.,.ch
structure. Data were available from both a and A sweeps and at several Mach
numbers.
The original intent was to identify the cause of an Orbiter rolling moment
couple found in previous tests. The rolling moment balance used in TWT-655
proved to be unsatisfactory as explained In Section 1.2 except for taking deltas
between runs. Therefore, the only static stability data available for this com-
parison were taken using MSFC balance No. 239.
ET protuberances created a positive roiling moment increment at nega-
tive angles of sideslip (Fig. 5) but there was little or no. -hange through the
angle of attack range (Fig. 6) at 0 = 0. Normal force coefficient showed a
negative increment of between 0.01 and 0.03 except for A < -6 deg (Figs.7 and
8). Orbiter pitching moment coefficient was increased due to ET protuberances
with the increment being typically between +0.01 and +0.02 (Fig.9). Both
Orbiter side force anc yawing moment showed small Increments. The trend
in side force was toward a positive Increment due to ET protuberances (Fig. 10).
The trend in yawing moment was toward a negative increment (Fig. 11). Orbiter
axial force increment (Figs. 12 and 13) varied In both magnitude and sign. Pre-
vious tests have shown that these axial force Increments are within the accuracy
band.
The ET protuberances decreased the Orbiter wing normal coefficient a
maximum of -.02 at negative A (Fig. 14). There was little effect at positive ^.
The decrement was rather constant over the a range with a trend toward a
smaller decrement at increased Mach numbers. Trends in wing bending
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(Fig. 15) and wing torsion (Fig. 16) follow that of wing normal force with maxi-
mum coefficient decrements of -.002 and -.004. The effect of ET protuberances
on InboPrd elevon hinge moments was not consistent, with poor correlation
between a and 0 sweeps. This may be related to the elevon gap sealing
problem discussed in Section 2.5. Outboard elevon hinge moments were also
inconsistent at subsonic Mach numbers. At supersonic Mach numbers (Fig. 17)
there was a slight decrease at positive P with a maximum hinge moment coef-
ficient increment of .008 at negative A.
Comparison plots of total coefficients can be found In Appendix A with
Orbiter static stability coefficients starting on page 91 and wing and elevon
data starting on page 454. Comparison plots of Orbiter forebody data are
presented in Appendix B, starting on page 1.
3.4 OTHER EFFECTS
During the conduction of the test, there was concern as to the validity
of the data and the possible introduction of effects other than that being in-
vestigated. To gain understanding, several additional runs were made. Runs
were made with the gap in the Orbiter metric right wing unsealed, as well as
the nominal case of being sealed with wax. A series of runs was made at an
increased Reynolds number. A series of runs t-.as
 also made with the leading
10 0/0
 of the Orbiter wings covered with grit, both top and bottom.
3.4.1 Wax in Wing Gap
As described in Sectior 2.3, the Orbiter was tested alone with and without
wax in the gap, and with the wax cut, but sealed, to reduce resistance to wing
balance deflections. Most of test TWT-656 was run with wax cut.
There seemed to be no trend to the effect of the wax on Orbiter static
stability coefficients at M=0.9. At M= 1.25, there was no apparent trend in
C  but Cm , C Y , C  and CA
 ali rhowed a trend toward small positive incre-
ments. C 	 showed a negative trend. Maximum increments were:
m
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Ac 	 = 0.0
vC =	 +0.01M
Ac =	 +0.01
AC Ym =	 -0.01
AC f =	 +0.002
ACA T = +0.005
In many cases the , alues for the model with the wax cut seemed to match most
closely the values ..or V-,e model with "no wax". Orbiter wing data showed
little or no trend with the possible exception of C Tw . As with the static sta-
bility data, the "cut wax" data matched the "no wax" data closer than it matched
the "solid wax" data. This may verify wing balance interference due to the
"solid wax," or a failure of the "cut wax" to effectively seal the wing gap.
Elevon data showed differences due to wing wax that are hard to comprehend
as the gaged elevons were on the left side of the Orbiter model and the metric
wing and wing gap were on the right. Again, we must consider the elevon gap
sealing; problem discussed in Section 2.5 as the possible source.
Wing was comparison plots are available in Appendix A starting on page 1
for the static stability data and on pate 379 for the wing and elevon data.
3.4.2 Reynolds Number Variation and Grit on Wings
A series of runs was made at an increased Reynolds number, and also
with grit on the Orbiter wings, to see if transition on the two Orbiter wings
was not symmetrical. This might explain data which did not cross through
zero at zero angle of side slip.
There were some trends seen in the longitudinal coefficients. Lateral
coefficients, which were of pr*,.mary interest, did not show any consistent
LOCKHEED • HUNTSVILLE RESEARCH & ENGINEERING CENTER
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trends. C 
	
and C B did show a trend toward a small positive increment
w	 w
with increased Reynolds number but the difference in level between ac and
sweeps was greater than would be expected due to just flow angularity. Grit
on the wings produced a small decrease in C  and CB
W	 w
Reynolds number comparison plots are presented in Appendix A start-
F	 ing on page 235 for the static stability coefficients and page 574 for the wing
and elevon coefficients.
Comparison plots showing the effects of wing grit are also presented
in Appendix A with the static stability coefficients starting on page 307 and
the wing and elevon coefficients starting on page 634.
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4. CONCLUSIONS
The following conclusions are drawn from the analysis of the data
obtained:
1. The smallness of the effect of Orbiter body flap deflection
on Orbiter longitudinal stability coefficients, indicates that
the flap cannot be used to reduce the forward Orbiter/ET
attach point loads.
2. ET protuberances induce a positive Orbiter rolling moment
under certain conditions. The balance was not sensitive
enough to fully study this effect.
3. ET protuberances induce increases in Orbiter pitching
moment and side force coefficient and decreases in normal
force, yawing moment, axial force, wing normal force, wing
bending moment and wing torsion coefficients. Outboard
elevon hinge moment coefficient showed a slight decrease at
rasitive angles of side slip and slight increase at negative
1gles of side slip for supersonic Mach numbers.
4. Wax in the wing gap produces small increments in Orbiter
static stability coefficients at M= 1.25 but not a M= 0.9.
There is indication that the "cut wad' (which was used during
most of the test) did not effectively seal the wing gap.
5. Neither Reynolds number variation nor grit on the wings
produced the increments in the Orbiter lateral coefficients
that could explain non-zero values at zero angle of side slip.
They did, however, produce changes in Orbiter loads and
Orbiter wing loads.
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Appendix A
TOTAL STATIC STABILITY DATA
WING AND ELEVON DATA
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